A time-multiplexed stereoscopic display with a wide color gamut is fabricated and introduced in this paper. It comprises a scanning backlight unit (SBLU), a 120Hz liquid crystal display (LCD) panel and a pair of LCD shutter glasses equipped with two switching lens (Manufactured by NVIDIA, Model: 3D VISION 2). We use sectional light guide plates to compress the light angle. We use blue LEDs (Domain wavelength: 450nm) to replace the traditional phosphor white LEDs used in the backlight. The blue LEDs are fixed on the edges of the sectional light guide plates, and the quantum dot-polymer (QDP) film is placed on the surface of sectional plates. The SBLU and auxiliary glasses could work together with the LCD panel. All of these components can be controlled by the vertical synchronization signal transmitted from the graphics card. The color gamut of our prototype is improved. According to ITU-R Recommendation BT.2020 (Rec.2020), the color gamut is widely extended to 77.61%. The display's ability to express color has been improved by using quantum dot (QD) material. The display brightness through the switching lens is about 120 nit. The crosstalk decreases to about 0.9%.
I. INTRODUCTION
It has been demonstrated that the stereoscopic display technique has many advantages in visual experience [1] and this technique has been used in many fields. Therefore, threedimensional (3D) displays have drawn attention and some kinds of 3D equipment have come into the market. Based on the principle of stereopsis, stereoscopic technology enables the viewer to see different images that have a little parallax. In the field of autostereoscopic display, lenticular lens [2] - [4] and parallax barrier [5] - [7] are usually used to separate the right and left images. In order to see the stereoscopic images, the viewer has to be positioned within a very narrow angle that is nearly perpendicular to the screen. More seriously, low brightness and inevitable resolution loss are the main obstacles to the development of these technologies [8] . Polarizing glasses are also widely used to separate the left and right images with low crosstalk value. In conjunction with special projectors and polarization maintaining screens, this
The associate editor coordinating the review of this manuscript and approving it for publication was Yongqiang Zhao . technology is widely used in 3D cinemas [9] . Recent works including directional backlight solutions [10] - [12] , which use staircase configuration lens to steer the backlight to the location of the viewer's eyes, has overcome the issues related to the resolution and crosstalk to a certain extent. With the help of the head-tracking system, the viewer can see different perspective images alternately. Directional backlight solutions enable the autostereoscopic display to maintain the original physical resolution by using spatial-sequentialmultiplexed technology. This technology will eliminate the moire pattern caused by the interaction between the LCD panel and the lens array [13] . However, the performance will be limited by the narrow viewing angle.
Many scholars [14] , [15] have made useful researches about the time-multiplexed stereoscopic technology. They aimed to solve the problems about brightness and resolution. In this solution, the SBLU and LCD shutter glasses could operate according to the working state of the LCD panel. And all the components are controlled by the video signal sent from the graphics card. 3D display equipped with LCD shutter glasses [16] has a low crosstalk rate. Hence, LCD shutter VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ glasses have been widely used in modern active shutter 3D systems. The LCD shutter glasses include two switching lenses containing a liquid crystal layer. If the control signal is applied, the lens becomes opaque. Otherwise, the lens is transparent. The LCD shutter glasses are controlled by its internal circuit which receives the synchronization signal by infrared transmission. For example, one switching lens is controlled to block the left eye. The other one for the right eye is controlled to be transparent at the same time.
When the LCD panel displays the 3D contents (left and right images) alternately, the operation of the SBLU is controlled synchronously by the synchronization signal. For instance, when the video signal containing the left image is sent to the LCD panel, the panel begins to display the left image row by row. The internal circuit switches the left switching lens to be transparent. The right switching lens of the LCD shutter glasses is opaque at the same time. When the panel completes showing the whole left image, the backlight is turned on during a short period time. In this way, the left eye of the viewer will see the left image through the left switching lens. Because the right switching lens is opaque, the right eye will see nothing at all. The commercial time-multiplexed stereoscopic displays usually applied this strobing method. The backlight of these displays usually uses side-in light plates and transitional phosphor white LEDs. Compared with the total frame time, the turn-on time is very short in the strobing method. To prevent the viewer from seeing both the left and right images, the backlight is turned off during the transition from one frame to the other. Consequently, the brightness of commercial time-multiplexed stereoscopic displays utilizing this strobing method is usually low. Hence, these displays have some limitations in brightness and uniformity.
In the field of flat panel display, the QD materials have been widely used to enhance the ability to restore the true color. These materials can be excited by blue light. The emitted light has an advantage in narrow bandwidth. Its Full Width at Half Maximum (FWHM) is about 20-40nm [17] , [18] . The domain wavelength is tunable by changing the size of the materials. Compared with the backlight using traditional phosphor white LEDs, the color gamut and display brightness will be improved if the QD materials could be implied [19] .
The SBLU, 120Hz LCD panel and the LCD shutter glasses are the main parts of the prototype. The SBLU is composed of 60 sectional light guide plates, blue LEDs (450nm), a QDP film and a diffuser film. Traditional phosphor white LEDs are replaced with blue LEDs, which are mounted on the edges of the sectional light guide plates. Blue LEDs for each sectional light guide plates could be controlled independently and the control time sequence is very precise. The performances of our prototype have been measured. The color gamut of our prototype is about 77.61%, according to Rec.2020. We also measured the color gamut of commercial displays (BENQ XL2707-B: 55.69%; View Sonic VX2268WM: 54.37%). The display brightness through the switching lens is about 120 nit. The crosstalk decreases to about 0.9%.
The innovations of this paper are as follows: (1) Use sectional light guide plates to compress the light angle. The crosstalk decreases at the same time. (2) Improve the control strategy to enhance the uniformity and brightness. (3) The color gamut of our prototype is widely extended, greatly enhancing the ability to express colors.
II. SYSTEM CONFIGURARION AND OPERATION PRINCIPLE A. SYSTEM DESCRIPTION
The white LEDs, the diffusion film, the light guide plate, the LCD panel and the LCD shutter glasses are the main parts of the commercial 3D display, as described in Fig. 1 (a) and Fig. 1(b) . In addition, the working principle and structure of the traditional time-multiplexed system using LCD shutter glasses are discussed in detail.
In Fig. 1(a) , the red arrow indicates that the refreshing direction of the LCD panel is from top to bottom. When the right image begins to fill the panel, the internal circuit of the LCD shutter glasses controls the right switching lens to be transparent at the same time. At this time, the traditional phosphor white LEDs, which are fixed on the edge of the light guide plate, are turned off. The left switching lens is opaque and the left eye can't see the panel. When the refreshing of the right image is completed, the traditional phosphor white LEDs are turned on and the right eye will see the right image. In order to prevent the viewer from seeing both the left image and right image, the turn-on time of the traditional phosphor white LEDs must be precisely restricted. The light guide plate is used to change the direction of the white light and guide the light to the position of the viewer, as shown in Fig. 1(c) . In this way, the right eye can only see the right image, according to the principle of side-emitting LEDs backlight. When the left image is displayed, the working process is similar, as shown in Fig. 1(b) . According to the description above, the time when the backlight is turned on or off must be precisely restricted. Therefore, the display brightness through the switching lens is low. This will severely influence the performance of the display. The uniformity is also limited by the side-emitting LEDs backlight. Also, the performance of the color gamut is restricted by the traditional phosphor white LEDs.
Sectional light guide plates are utilized to improve the performances described above. To simplify the description, we only set 9 sectional light guide plates (Sectional Light Guide Plate 1-9) in the schematic diagram. As shown in Fig. 2(b) , reflective films are inserted into two adjacent plates to reduce the influence between them, as shown in the enlarged picture. The plates are installed on the back of the diffusion film. The QDP film is placed between the LCD panel and the diffusion film. The blue LEDs are fixed on the edge of the plates. We assume that the last frame displayed on the panel is the right image. According to the vertical synchronization signal, the panel starts to display the left image. As shown in Fig. 2(a) , at this time, the image on the panel can be divided into three parts: Left Image Area, Transition Area and Right Image Area. In the transition area, the unstable pixels are in the transition from the right image to the left image. At this time, if all the blue LEDs are turned on, the viewer will see both the left image and the right image, causing severe crosstalk. Different from the control strategy used in commercial time-multiplexed stereoscopic display, only a stable area (Left Image Area) will be highlighted. The switching lens for the left eye is transparent and the left eye can only see the left image. To reduce the crosstalk, the blue LEDs behind Transition Area and the Right Image Area are turned off and these areas are not highlighted. As shown in Fig. 2(a) , blue LEDs, which are fixed on the edge of sectional light guide plate 1 and 2, are turned on. The QDP film can be excited by the blue light emitted from the LEDs, which are fixed on the edge of the plate. Compared with Fig. 2(a) , the left image area expands. Along with the expansion of the left image area, more and more LEDs are turned on successively, as shown in Fig. 2(b) .
In Liou's paper [15] , the direct backlight was used to realize the scanning backlight. As shown in Fig. 3(a) , the backlight is divided into four segments in a sectional view. When a segment is turned on, the lighted area is larger than that of the LEDs segment. The yellow arrow indicates the maximum angle of light. The α represents the light-emitting angle of segment (0). In the transition area, the right image and left image can be seen simultaneously, leading to the increase of the crosstalk. In contrast, the backlight in our prototype is divided into 60 segments in the vertical direction. The sectional light guide plates are used to compress the light angle. For each sectional light guide plate, the light angle is compressed (α > β), as shown in Fig. 3(b) . The transition area will not be highlighted and the crosstalk decreases.
B. CORRESPONDING RELATION BETWEEN THE LCD PANEL AND THE SCANNING BACKLIGHT
The SBLU, the LCD panel and the LCD shutter glasses should work interactively. The control strategy of blue LEDs needs to be designed according to the parameters of the LCD panel. The relationship between the LCD panel and the SBLU is described in detail in our previous work [20] . As shown in Fig. 4(a) , the commercial time-multiplexed stereoscopic displays use this control strategy. The detailed structure is shown in Fig. 1 . All LEDs are controlled to be on and off simultaneously. As shown in Fig. 4(b) , this control strategy is used in Liou's paper [15] , and the backlight is divided into only 4 segments. Also, the white LEDs are divided into 4 groups. The control signals have no overlap in the time domain. In other words, only one region is turned on and the others are turned off at the same time. For example, once the region (2) is turned on, the region (1) is turned off immediately. The turn-on time of the traditional phosphor LEDs is short. This control strategy accounts for the low luminance through the switching lens. As shown in Fig. 4(c) , this control strategy is used in our system. In contrast, the LEDs are divided into 60(N = 60) segments and the control signals for each segment overlap each other in our prototype. For example, when segment (1) is turned on at t 1 , the segment (0) which is turned on at t 0 , is not turned off immediately. This precise control strategy can reduce the crosstalk and improve the uniformity of the backlight.
Field Programmable Gate Array (FPGA) is in charge of receiving the vertical synchronization signal. The FPGA sends the backlight control signals to the integrated chips. The driver chips used in this prototype are 16-channel constantcurrent sink drivers and the current value of each channel ranges from 5mA to 120mA, which is enough to drive the blue LEDs to achieve high brightness.
The schematic diagram of driving system can be seen in Fig. 5 . The display card sends the vertical synchronization signal to FPGA and the backlight control signals are transmitted to the constant-current drivers successively.
III. PROTOTYPE SETUP
As shown in Fig. 6 , a QDP film (Nanjing University) and a diffusion film are placed on the top of the sectional light guide plates. The light guide plate used in this prototype is made from polymethyl methacrylate (PMMA). The length of the light guide plates is 603mm, as shown in Fig. 6(c) . In order to enhance the brightness uniformity of the backlight, the distribution of scattering netted dots is homogeneous. Opaque reflective films are placed between two adjacent light guide plates, as shown in Fig. 6(a) and Fig. 6(c) . The sectional view of the light guide plate is shown in Fig. 6(c) and section size is 10mm * 5.7mm. Blue LEDs (Package: 3030) are mounted regularly on the edges of the light guide plates. We connect all the anodes of the blue LEDs to the positive pole of the power supply. Blue LEDs in the same group can be turned on and off simultaneously. The printed circuit board and assembly picture are shown in Fig. 6(b) . Fig. 7(a) shows the front picture of prototype. Fig. 7 (b) shows the internal circuits of our prototype. The FPFA is used to receive the synchronization signal and send backlight control signals. The backlight power is used to convert alternating current (AC) to direct current (DC). The video interface circuit is in charge of receiving the video signal. The backlight driver board 1 and 2 are in charge of driving the blue LEDs. The heat sink is placed on the top of the backlight driver board and the inserted pictures show the details of the backlight driver board. 
IV. EXPERIMENT AND RESULT A. THE EVALUATION OF LIGHT ANGLE COMPRESSION
In this system, the sectional light guide plate is used to compress the light angle. We carried out an experiment to measure the performance of light angle compression. The schematic diagram of the experiment is shown in Fig. 8(a) . The QDP film and diffusion film are fixed on the surface of the sectional light guide plate. The QDP film is on the top of the diffusion film. The distance between the films and the traditional LED bar is 10mm, which is equivalent to the height of the sectional light guide plate. In this experiment, the traditional LED bar is turned on. At the same time, the LEDs, which are fixed on the side of the sectional light guide plate, are also turned on.
The light emitted from the LEDs are projected on the diffusion film and QDP film. The light distributions are recorded by the camera (Nikon D3300. Exposure Parameter: f/11, 1/50s, ISO-100, 66mm). According to the width of the light band, we can calculate the light angle (α = 65 • , β = 34 • ). The result shows that the light guide plate is useful to realize light angle compression.
B. THE EVALUATION OF CROSSTALK
The crosstalk is also called as leakage or ghosting. It is a primary factor that influences the image quality of 3D displays. The crosstalk of the stereoscopic display can be defined as follows [20] , [21] :
where, WB: the image for left eye is white (255, 255, 255) and the image for right eye is black (0, 0, 0). BW: The image for left eye is black (0, 0, 0) and the image for right eye is white (255, 255, 255). BB: Both of the left image and right image are black (0, 0, 0). We use the color analyzer (CA-310: manufactured by KONIC MINOLTA) to measure the display brightness of our stereoscopic prototype. In order to eliminate the influence of environment light completely, the probe (CA-PSU32/35) is placed close to the LCD panel.
We set up 18 equal interval measurement points from top to bottom. The results show that the brightness through the switching lens of the active shutter glasses is about 120.00 nit when the pure white image (255, 255, 255) is displayed on the LCD panel. The brightness through the switching lens of the active shutter glasses is about 0.27 nit when the pure black image (0, 0, 0) is displayed on the LCD panel. The results show that the brightness of the above commercial displays is about 50 nit (XL2707-B) and 52 nit (VX2268WM), through the switching lens of the active shutter glasses. In Liou's paper [15] , the value of the brightness is also about 50 nit.
The SBLU and precise controlling strategy used in this paper can reduce the crosstalk. The brightness and uniformity of the backlight are also improved. According to the Eqs. 1 and Eqs. 2, the crosstalk of our prototype is about 0.9%. Compared with the value which is reported in [15] , the crosstalk of our prototype is lower. Furthermore, the crosstalk values of commercial displays (BENQ XL2707-B: 1%; View Sonic VX2268WM: 1.4%) are also measured as the control group.
C. THE EVALUATION OF SIGNAL SYNCHRONIZATION
In order to reduce the crosstalk, the time sequence of all blue LEDs should be controlled precisely, according to the vertical synchronization signal of the LCD panel.
In Fig. 10(a) , the period of the vertical synchronization signal is 2 * t p (t p = 1/120s). When the left image is displayed on the panel, the left switching lens of the LCD shutter glasses is controlled to be transparent and the left eye could only see the left image. When the right image is displayed, the working process is similar. To avoid the polarization of the liquid crystal, the control signal of the switching lens changes periodically around the reference value. 
D. THE MEASUREMENT OF THE COLOR GAMUT
The traditional phosphor white LEDs are replaced with the blue LEDs. In conjunction with the QDP film, the performance of the color gamut is improved. CA310 is used to measure the color coordinates of 9 measuring points which are equally spaced on the screen. The detailed RGB data of the test images is shown in Fig. 11(a)-Fig. 11(d) . Fig. 11(e) shows the distribution of the test points.
The color coordinates of commercial 3D displays (BENQ XL2707-B and View Sonic VX2268WM) are also measured as the control group. Pure blue picture, pure green picture and pure red picture are displayed on the panel for color coordinates measurement. The results are listed in Table. 1.
We show the color gamut in the CIT1931 chromaticity diagram. The yellow triangle represents the Rec. 2020 color space. Fig. 12 indicates that the color gamut of our prototype is 77.61% (Red triangle). The color gamuts of commercial displays are also drawn in the figure. The green triangle represents the BENQ XL2707-B (55.69%). The blue triangle represents Sonic VX2268WM (54.37%). Rec. 2020 also published the coordinates of the reference white (D65: 0.3127, 0.3290). The white coordinates of our system is (0.2995, 0.3135). The white coordinates of the BENQ XL2707-B and View Sonic VX2268WM are (0.3077, 0.3215) and (0.3336, 0.3511). The color gamut of the displays is mainly influenced by three factors: the color filter of the LCD panel, the domain wavelength of the three primary colors and the proportion of red and green QD materials. We have made the targeted adjustment on the domain wavelength and the proportion of QD materials to adapt to different LCD panels.
We use four test images to show the difference of three display devices and the test images are shown in Fig. 11 (a)- Fig. 11(d) with detailed RGB information. When the different test images are displayed on the panel, the photos are recorded by the camera (Nikon D3300) with the same exposure parameter (f/5.6, ISO-100, 1/60s). The brightness of all the three 3D displays is set to 80nit. As shown in Fig. 13 , limited by the performance of the camera, the recorded pictures do not represent the difference very well. 
E. THE SPECTRUMS OF THE PROTOTYPE
The QDP down-conversion efficiency, i.e., absolute photoluminescence quantum efficiency, of the QDP films is measured to be 80% with a Horiba PTI Quanta Master 400 steady-state fluorescence system with an integrated sphere. The concentration ratio between the red and green QD material is about 1:4. The spectrums of the prototype are shown in Fig. 14. 
V. CONCLUSION
We fabricated a time-multiplexed stereoscopic display using sectional light guide plates and carried out several experiments to evaluate its performances. The prototype includes a SBLU, a 120Hz LCD panel, and a pair of LCD shutter glasses. The SBLU comprises 60 sectional light guide plates, which are utilized to compress the light angle in the prototype. Another improvement is that the traditional white LEDs are replaced by the blue LEDs. All the blue LEDs are installed on the edge of the sectional light guide plates. In synchronization with the refreshing of the LCD panel, all blue LEDs are controlled precisely and the turn-on time is longer. Also, the QDP film is fixed on the top of the diffusion film to improve the color gamut. The luminance through the LCD shutter glasses is about 120 nit and the crosstalk is about 0.9%.
